The 
Introduction
Considerable attention has been given to the synthesis of composite nanopowders based on Al 2 O 3 , AlN, and AlON due to unique properties of composite ceramics of the Al 2 O 3 -AlN--AlON system. Each of these materials is extensively used as monophase structural materials. In particular, aluminum oxide is one of the main ceramic packaging materials used for microelectronics. This ceramic has good electrical and mechanical properties [1] . Among disadvantages of alumina ceramic are the difference between its thermal expansion coefficient and the thermal expansion coefficient of silicon and a relatively low thermal conductivity of 10-30 W/m·K, which does not meet the requirement of new advanced large-scale integrated circuits (IC) [2, 3] .
Aluminum nitride ceramics has a sufficiently high thermal conductivity [4] [5] [6] . However, its sintering temperature is rather high (above 2000 ºC), which increases substantially processing costs. The spinel aluminum oxynitride (γ-AlON) ceramic is a stable solid solution material in the A1 2 O 3 -AlN system [7] . It exhibits transparency in visible light, high strength, hardness, and excellent optical properties. This makes it promising for using in infrared windows, domes, and transparent armors [8, 9] .
Powders used to fabricate AlN and AlON ceramics are usually synthesized by the following methods: carbothermal reduction and nitriding of Al 2 O 3 in a nitrogen atmosphere [5, [10] [11] [12] [13] [14] , solid state reaction of Al 2 O 3 and AlN [15, 16] , reaction bonding technique [17] , sol-gel method [18] , microwave synthesis [19, 8] , plasma arc melting [20] , laser synthesis [21] , and burning of aluminum powder [22] . To decrease the sintering temperature and time, additives such as Al, MgO, etc. are introduced into the initial mixtures [18, [23] [24] [25] , the composition of a gas atmosphere has been varied [17, 26] , and mechanoactivation of initial powder mixtures has been used [24, 25] .
The cost-efficient carbothermal method is extensively used for the synthesis of aluminum nitride and aluminum oxynitride nanopowders [27, 28] and is promising for the synthesis of composite powders that contain Al 2 O 3 , AlN, and AlON in various ratios and are of interest today [29] [30] [31] [32] .
The method of high-pressure sintering is used to consolidate ceramic nanopowders that are difficult to compact because high pressures and short sintering times allow one to obtain dense compacts without noticeable grain growth.
The aim of the present work is to investigate phase formation in the Al 2 O 3 -C powder nanosystem during temperature treatment of an initial powder mixture in a nitrogen flow and in the AlN-AlON-Al 2 O 3 system during high-pressure sintering of synthesized composite powders.
Experimental procedure
Сomposite nanopowders of the AlN-AlON-Al 2 O 3 system were prepared by the carbothermal reduction-nitriding method [33] . The components of the initial powder mixture were obtained from a water solution of aluminum nitrate (Al(NO 3 ) 3 ·9H 2 O) and carboncontaining substance (C 12 H 22 O 11 ). The initially obtained aluminum hydroxide was mixed with a water solution of sucrose. The mixture was dried in a drying chamber at 100ºC for 5 h and then subjected to pyrolysis in an argon flow at 600 ºC for 4 h. The final product was a mixture of nanodisperse γ-Al 2 O 3 and amorphous carbon (with a particle size of ≤0.1 µm). The carbon content in the mixture was larger than the carbon content required for the formation of the stoichiometric compound 5AlN·9Al 2 O 3 by 30%. The obtained precursor was heat treated in nitrogen at 1450 and 1600 ºС with an isothermal exposure for 2 to 4 h.
Cylindrical ceramic compacts with a diameter of 6 mm and a height of 5 mm were made from the powders synthesized at temperatures of 1450 and 1600 ºС for 2, 3, and 4 h. The high-pressure sintering was performed at a pressure 7 GPa in a high-pressure hightemperature unit in the form of an anvil with a hole, in which pressure is transferred by a solid medium, at a temperature of 1750 ºC for 110 s.
The synthesized products were investigated through the X-ray diffraction (XRD) method in Cu K α radiation (Siemens D-500 diffractometer, Munich, Germany). The percentages of crystalline phases were assessed from the intensities of ninsuperimposed peaks of the synthesized phases and the corresponding peaks of standards. IR spectra were recorded with a Specord M 80 spectrometer (Karl Zeiss, Germany) and analyzed the "Spectra Ciphering 20" computer program. This program enables one to perform summing of spectra of different intensities. An electron microscopy study and an electron-probe X-ray microanalysis were performed with a HU-200F type scanning electron microscope. The mechanical properties (microhardness and fracture toughness) were determined with a Leco 300AT microhardness tester and a Vickers indenter under a load of 10 N with a holding time of 15 s.
Results

Characterization of composite powders
According to the XRD data, the powder synthesized at 1450 ºC for 4 h, contains two crystalline phases AlN and Al 2 O 3 (Fig 1 a) . With increases in the treatment temperature and time, the intensity of alumina peaks decreases, peaks of aluminum oxynitride appear, and the intensity of peaks of aluminum nitride increases (Fig. 1) . In the powder synthesized at 1600 ºC for 3 h (Fig. 1 b) , the main phases are AlN and AlON, and in the powder synthesized at 1600 ºC for 4 h (Fig .1 c) , the AlON phase dominates, and the intensity of peaks of AlN is somewhat lower. These changes coincided with changes in the relative content of the corresponding phases. o ) is present. This suggests that the process of carbothermal reduction of Al 2 O 3 at this temperature is not completed and that the most part of carbon is in the amorphous state.
An IR spectrum of the initial mixture (precursor) (Fig. 2 a) is a typical spectrum of amorphous alumina (γ-Al 2 O 3 ) (Fig. 2 f) [34] . With increase in the treatment temperature and time, this IR-spectrum (see Fig. 2 b, c) transforms into a spectrum of corundum (α-Al 2 O 3 ) (Fig. 2 g ).
This means that the transformation γ-Al 2 O 3 → α-Al 2 O 3 takes place [35] . At a temperature above 1450 ºC, the substantial weakening and broadening of absorption bands of α-Al 2 O 3 are noted (Fig. 2 d) . This testifies to the disordering and destruction of the corundum lattice and formation of AlN (see Fig. 2 h). With increase in the time of treatment at 1600 ºC, the IR spectrum changes noticeably (Fig. 2 e) . Taking into account the data of X-ray phase analysis, the most probable cause of this change must be the formation of aluminum nitride and oxynitride. From the form of the IR spectrum shown in Fig.2 e, we can conclude that appearance of absorption band at ν ~ 550 cm -1 may be due to the formation of AlON films [36, 37] (see Fig. 2 i) .
Tab. I. Change in the interplanar spacing (d) in synthesized powders and ceramics Note that a broad band with a maximum in the range 700-900 cm -1 is characteristic of polycrystalline AlON [38, 39] (see Fig. 2 j) . Thus, it can be assumed that the registered IRspectra represent a superposition of spectra of different compounds, namely, Al 2 O 3 , AlN, and AlON. To confirm the given speculation, a computer simulation of the superimposition spectra was performed. Superposition spectra were constructed for the following pairs of compounds: γ-Al (Fig. 3) . For each pair, the ratio of components was gradually changed.
The superimposition IR spectra constructed for different contents of γ-and α-Al 2 O 3 ( Fig. 3 a) illustrate the gradual narrowing of an absorption band of the γ-phase and the formation of an absorption band of the α-phase. The γ-Al 2 O 3 → α-Al 2 O 3 transformation is typical for the temperature range 600-1400 ºС [30] and is observed in spectra a, b, c in Fig. 2 .
The model spectra of the systems α-Al 2 O 3 -AlN (see Fig. 3 b) show that the contribution of α-Al 2 O 3 phase can be assessed from the change in the intensity of the band at ν ~ 470 cm -1 . This band is observed at a corundum content in the mixture up to 10 %. The superposition of the spectra of AlN with γ-Al 2 O 3 (see Fig. 3 c) or AlON (see Fig. 3 d) is accompanied by the broadening of the absorption band of AlN as the contribution of γ-Al 2 O 3 or AlON into the spectrum increases. Thus, the broadening of the experimental IR spectra at a temperature above 1600 ºC (Fig. 2 d, e) can be attributed to the increase in the contribution of polycrystalline AlON into the spectrum of aluminum nitride and partially to the α-Al 2 O 3 → γ -Al 2 O 3 transformation (as can bee seen in Fig. 3 a) in the process of development of carbothermal reduction of α-Al 2 O 3 in nitrogen medium.
Taking into account that the nucleation of AlON may begin from the formation of films on the surface of Al 2 O 3 and AlN particles, an IR spectrum of AlN with a AlON film was simulated (Fig. 3 e) . It was established that the superposition of a spectrum of AlN with a spectrum of an AlON film leads to the formation of a wide absorption band (or a shoulder) at ν ~ 570 cm -1 in the spectrum of aluminum nitride and to its subsequent broadening.
Since AlON may be present in the investigated powder in both the crystalline and amorphous state (in the form of films), the superposition of the IR spectra for these two states was performed. It is seen from Fig. 3 f that, as the contribution of the polycrystalline component of AlON increases, the absorption band of AlON films transforms into a shoulder on the main broad band.
From comparison of the simulated and experimental spectra we can conclude that the experimental spectrum of the powder heat treated at 1600 ºC for 3 h (see Fig. 2 d) is close to the superposition spectrum marked in Fig. 3 h by the symbol •. It consists of predominantly the spectra of α-Al 2 O 3 (~50%), AlN (~15%), crystalline AlON (~10.5%), and an AlON film (~24.5%). The experimental spectrum of the powder mixture heat treated at 1600 ºC for 4 h (see Fig. 2 e) is close to the superposition spectrum marked in Fig. 3 g by the symbol ○. It consists of predominantly the spectra of an AlON film (~49%), crystalline AlON (~21%), and AlN (~30%).
Thus, the performed investigations showed that the powders synthesized at 1450 ºC consist of predominantly AlN and Al 2 O 3 particles and that the powders synthesized at 1600 ºC consist of AlON, AlN, and Al 2 O 3 . A part of AlON is present in the form of amorphous films, and the other part is crystalline particles.
Characterization of ceramics
According to the XRD data, after sintering of the powders synthesized at 1450 and 1600 ºC for 4 h, two basic phases, namely, Al 2 O 3 and AlN, are observed in specimens (Fig. 1  d) . Moreover, after sintering of the powders synthesized at 1450 ºC, in XRD patterns, graphite lines appear. After sintering of the powders synthesized at 1600 ºC, only traces of graphite were observed. In Fig. 5 , a fine-grained ceramic material with a grain size ranging from 0.5 to 2 µm is shown. Pores are predominantly located on grain boundaries (see Fig. 5 b) . The X-ray microanalysis results indicated that, at different places of specimens either Al and O or Al, O, and N were present (Tab. II). Moreover, in specimens made from the powder synthesized at 1450 ºС, carbon was detected. In these specimens, the contents of Al and O at the places of their localization did not correspond to those in Al 2 O 3 . As a rule, excessive contents of Al were fixed. In turn, at the places of localization of Al, O, N, and C, it was rather difficult to determine the phase composition. The X-ray microanalysis showed the absence of places of localization of only Al and N. On the surfaces of specimens made from powders synthesized at 1600 ºС, places of localization of N and C were not found. The presence of Al and O with an excessive Al content was predominantly registered (see Tab. II). 
Tab. II. Contents of elements at different places of specimens
Mechanical properties of the ceramics
Specimens sintered from the powders synthesized at 1450 ºС had a hardness of 15.2 GPa. For specimens obtained from powders synthesized at 1600 °C, the hardness increased to 19.5 GPa. This effect is attributed to the higher cohesion between grains generated by the diffusion process and the absence of substantial amounts of carbon in the structure [40] .
The fracture toughness (K 1с ) of the material was estimated by the formula [35] [36] [37] 
where Е is the modulus of elasticity (GPa); Н is the Vickers hardness (GPa); P is the applied load (N); c is the average length of a cracks measured from the corner of the indentation to the crack tip (mm). It was established that the facture toughness was about 7.2 MPa·m 1/2 for specimens sintered from the powders synthesized at 1450 ºC and about 6.1 MPa·m 1/2 for specimens sintered from the powders synthesized at 1600 ºC.
Discussion
The general scheme of carbothermal reduction of alumina can be represented by the following reactions:
It should be noted that, in the stage of synthesis of powders, the formation of crystalline phases such as aluminum oxycarbide (Al 4 O 4 C) and aluminum carbide (Al 4 C) was not registered. However, the detection of graphite in sintered specimens of «low temperature powder» indicates that the dark color of the powder and sintered specimens are due to the presence of free carbon. Thus, we can state the chosen regime of carbothermal reduction is realized in the framework of formation of Al 2 O and Al with retention of a certain amount of Al 2 O 3 and C.
The formation of different reduction products in a nitrogen flow indicates the simultaneous realization of different mechanisms of nitride formation. For instance, the nitriding of Al will result in the formation of AlN (synthesis from elements), whereas Al 2 O may be the base for the formation of AlON particles.
The substitution of oxygen for nitrogen in the structure of Al 2 O 3 and the substitution of nitrogen for oxygen in structure of AlN (which is evidently due to the similar sizes of nitrogen and oxygen atoms) form the base of the formation of aluminium oxynitride of different composition on the surface of the the corresponding particles [5] . The changes in the interplanar spacings of Al 2 O 3 and AlN (see Tab. I) is a consequence of the indicated process. Thus, besides single-phase crystalline AlN and AlON particles, Al 2 O 3 and AlN particles with AlON surface films must form. This is why, in IR-spectra, which present information predominantly about the surface of a solid body, the spectrum of AlON films is registered. Some variants of formed particles with a complex defective structure are presented in Fig. 6 . The formation of fine-grained structure of sintered specimens can be explained by the susceptibility to aggregation of highly disperse particles of the initial powder. The formation of the disperse granular structure can be explained by the features of the sintering process under high pressures, namely, the short time of action, the compression of the treated powder in the first stage of the process, and the retardation of diffusion processes at high hydrostatic pressures. Since the sintering temperature is higher than the synthesis temperature, the process of carbothermal reduction of Al 2 O 3 and AlON films, accompanied by the evolution of CO 2 and pore formation, is initiated again. Taking into account the defective structure of Al 2 O 3 and AlN particles, it is possible to assume that, first of all, surface oxynitride and oxide layers of particles are reduced. Then, due to the joint action of high temperature and high pressure, crystalline aluminum oxynitride decomposes into aluminum oxide and aluminum nitride [44] .
Thus, in the final sintered product, only Al 2 O 3 and AlN are present (see Fig. 1 d) .
The obtained composite ceramics exhibit rather high hardness and fracture toughness (K 1c ), which are comparable with those for materials obtained on the base of refractory titanium compounds [45] . It is not improbable that these properties are provided by Al 2 O 3 , which exhibits excellent mechanical properties when its grains are in a certain state [46, 47] . The determined decrease in d (Table 2 ) also indicates this. The specimens containing graphite, which were made of the powder synthesized at 1450 ºC, have a lower hardness and higher fracture toughness than specimens obtained from the powder synthesized at 1600 ºC. In other words, the graphite phase improves the fracture toughness (crack growth resistance) and decreases the hardness of the obtained ceramics. The grain size in ceramics from powder obtained at 1400 o C has 1,5-1,8 m, and 2,7-3,0 m from powder obtained at 1600 o C. The fairly high hardness of the ceramics is higher than the hardness of aluminum nitride and oxynitride and is comparable with or even higher than the hardness of aluminum oxides (their hardness ranges from ~15 to ~20 GPa), which is the hardest component of the material. Therefore, aluminum nitride and oxynitride phases exert the strengthening effect. The obtained fracture toughness, which depending on the synthesis conditions of the powder ranged from 6.1 to 7.2 MPa·m 1/2 is rather good for materials of this system. So, for ceramics of the AlON-Al 2 O 3 system, obtained by presureless sintering in the temperature range 1600-1900 °C had the fracture toughness of 2 to 4 MPa·m 1/2 depending on the aluminum oxide content and sintering temperature [48] .
Conclusions
The processes of carbothermal reduction of γ-Al 2 O 3 with carbon in a nitrogen flow at a temperature of 1450 ºC for 4 h and at a temperature of 1600 ºC for 4 h were not completed, due to which the products contained free carbon. The main phases of the synthesized composite powders were Al 2 O 3, AlN, and AlON. On the surfaces of alumina and aluminum nitride particles, AlON films form.
In the process of preparation of ceramics by high-pressure sintering, the crystalline AlON phase formed in the powders decomposed completely into aluminum oxide and aluminum nitride, and the free carbon transformed into the crystalline graphite phase. A fracture toughness of 7.2 MPa·m 1/2 was obtained in the ceramics obtained from the powder synthesized at 1450 ºC with the higher graphite content. The highest hardness of 19.5 GPa was achieved in the ceramics with the lowest graphite content obtained from the powder synthesized at 1600 ºC.
